The standard model of eukaryotic ribosomal RNA (rRNA) genes involves tandem arrays with hundreds of units in clusters, the nucleolus organizer regions (NORs). A first genomic overview for human cells is reported here for these regions, which have never been sequenced in their totality, by using molecular combing. The rRNA-coding regions are examined by fluorescence on single molecules of DNA with two specific probes that cover their entire length. The standard organization assumed for rDNA units is a transcribed region followed by a nontranscribed spacer. While we confirmed this arrangement in many cases, unorthodox patterns were also observed in normal individuals, with one-third of the rDNA units rearranged to form apparently palindromic structures (noncanonical units) independent of the age of the donors. In cells from individuals with a deficiency in the WRN RecQ helicase (Werner syndrome), the proportion of palindromes increased to one-half. These findings, supported by Southern blot analyses, show that rRNA genes are a mosaic of canonical and (presumably nonfunctional) palindromic units that may be altered by factors associated with genomic instability and pathology.
[Supplemental material is available at www.genome.org. The following individuals kindly provided reagents, samples, or unpublished information as indicated in the paper: M. Amor-Guéret, Y. de Santigny, and G. Brock.] The basic organization of NORs (nucleolus organizer regions) has been described in terms of 43-kb repeats that contain the transcribed regions of the 18S, 5.8S, and 28S rRNA genes, plus an intergenic spacer (IGS) (Sylvester et al. 1986; Gonzalez and Sylvester 1995) as represented schematically in Figure 1A . The NORs are located on the short arms of the five acrocentric human chromosomes in a telomere-to-centromere orientation (Henderson et al. 1972; Worton et al. 1988) . Such redundant structures imply highly efficient gene conversion (Elder Jr. and Turner 1995) , which is not readily reconciled with the similar amounts of active and silent genes observed within close proximity (Conconi et al. 1989; Dammann et al. 1995; French et al. 2003 ). The precise structure of such highly repeated regions cannot be analyzed by sequencing, due to difficulties in cloning (Labella and Schlessinger 1989; Hattori et al. 2000) . We have therefore investigated the NORs using single DNA molecule analysis by molecular combing (Bensimon et al. 1994; Michalet et al. 1997) , which is particularly well suited for studying genomic regions rich in repeated sequences (Pasero et al. 2002) . A substantial fraction (onethird) of the rRNA-coding sequences exist in an unorthodox arrangement appearing as palindromic structures, interpreted as twinned, partial pseudogenes, in normal adult and fetal cells. Experiments were also performed to evaluate the extent of palindromic pseudogenes in Werner Syndrome (WS) because of the well-characterized nature of the lesion involving a RecQ DNA helicase (Yu et al. 1996) . In addition, the WRN protein is localized in the nucleolus (Gray et al. 1998; Marciniak et al. 1998) , the compartment of the nucleus where the rDNA is stored, and it is homologous to the sgs1 gene in yeast (Johnson et al. 1999 ). The sgs1 gene was shown to be involved in rearrangements of the rDNA locus, resulting in the accumulation of extrachromosomal circles that are associated with the aging of the cells (Sinclair and Guarente 1997) . When DNA samples were also examined from cells of WS patients, the level of palindromic pseudogenes increased to 50%, indicating the fraction of pseudogenes reflects a dynamic process that can be altered under pathophysiological conditions. The presence of unorthodox arrangements of rRNAcoding sequences in presumably nonfunctional pseudogenes is also consistent with findings from Southern blots presented here.
Results
Visualization of extended arrays of rRNA genes Two-color hybridization of rRNA genes was performed using two adjacent fluorescent probes, a red 5Ј probe (B, 5.9 kb) and a green 3Ј probe (A, 7.1 kb), spanning the transcribed region of the rRNA-coding units (Fig. 1A) . For a large fraction of the signals analyzed, the basic canonical structure of the rRNA gene repeats with an intervening IGS (nontranscribed spacer) was confirmed (see Fig. 1B ), but with greater variability in the length than previously reported (Naylor et al. 1983; Erickson and Schmickel 1985; Schofer et al. 1998) ; data on several hundred units indicated an average IGS length of 34.2 ‫ע‬ 5.4 kb, with individual IGS units ranging from 9 to 72 kb.
A more striking divergence from the canonical units was observed for about one-third of the signals, which were detected in clusters of genes with novel structures, notably symmetric as-semblies of 5Ј and 3Ј coding sequences that form palindromic structures, probably partial pseudogenes. The appearance of fluorescent signals for typical palindromes is shown in Figure 1C , adjacent to canonical units. In these palindromic examples, designed 3Ј-3Ј palindromes (to indicate that the peripheral 5Ј coding sequences are joined by central 3Ј sequences) the length of the 5Ј peripheral sequences are roughly standard length, but the 3Ј central units vary along the length of the cluster presented. Examples of other palindromic patterns are presented in Figure 1 , D and E. Figure 1E presents examples of 5Ј-5Ј palindromes (with 3Ј peripheral regions joined via central 5Ј regions), which are flanked by canonical units, but with the sequence inverted between the units on the left and on the right, indicating that all canonical units are not necessarily in the same (telomere-tocentromere) orientation previously reported (Worton et al. 1988 ). An intermediate situation is presented in Figure 1D , with canonical units on the left, followed by alternating orientations on the right that appear as successive palindromes with gaps, although with the 3Ј units in closer proximity. A more extreme example of this pattern is presented in Figure 1F , with palindromic units of the 5Ј-5Ј type with a small gap. In a limited number of cases, more complex arrangements are also observed, with multiple contiguous 5Ј and 3Ј regions, as illustrated in Figure 1G . In rare instances, complex patterns arising from partial overlapping of two individual DNA molecules were observed, but these anomalies were readily identified and excluded from further analysis.
The overall analysis of the large sample of data obtained for the palindromic structures indicates a relatively continuous variation in the size of the central hybridizing region, ranging from compact 3Ј-3Ј or 5Ј-5Ј palindromes (<4 kb between the outer probes) to large gaps between the adjacent inverted units (>36 kb between the inner probes). A sampling of the distribution is presented in "Eiffel Tower" form for 3Ј-3Ј palindromes in Figure 2A and for 5Ј-5Ј palindromes in Figure 2B , with a summary of all data presented in bar graph form in Figure 2C . The distributions for the 5Ј-5Ј and 3Ј-3Ј palindromes are not significantly different, with both showing a large concentration in the range of from 4 to 20 kb for the spacing between the outer probes. Beginning in the middle of this range, gaps appear between the central probes and increase in size as the spacing between the outer probes increases. Overall, analysis of thousands of ribosomal RNA gene hybridizing sequences revealed nearly one-third in palindromic arrangements, in control cells from both adult and fetal samples (Figure 3) . 
Rearrangements of rRNA genes in Werner Syndrome cells
We investigated changes in the structural organization of the rDNA locus in cell lines from seven WS patients, as summarized in Figure 3 . These cell lines were chosen on the basis of a normal karyotype in order to avoid additional chromosomal changes or imbalances that could further modify rRNA gene stability. We analyzed the rDNA locus in three primary fibroblast cultures from patients sampled at ages 30 (AG03141), 36 (AG12797A), and 37 yr (AG06300A), in two SV-40 transformed fibroblast cell lines (AG11395 and WV1), and in two lymphoblastoid cell lines derived from a 42-yr-old patient (AG03829) and a 57-yr-old patient (AG07896). The latter cell line was chosen for comparison with cell lines derived from two unaffected family members, the 90-yr-old father and a 55-yr-old sibling (lymphoblastoid controls, AG07897 and AG07898), both of whom were indistinguishable from other control cells (Fig. 3) . The ribosomal DNA of the WS cell lines and cultures displayed a significant increase in the level of noncanonical arrangements; the mean incidence of such units is very close to one-half (Fig. 3) . In particular, the cell line derived from the 57-yr-old patient (AG07896) displays a higher percentage of palindromic units than cell lines from the father (AG07897) and an age-matched sibling (AG07898). Thus, the elevated proportion of noncanonical units appears to be caused by the Werner syndrome affecting these patients and not by distinct biological origins or age.
Southern blotting analysis
Southern blotting was performed on DNA from a control adult cell line (D1), two normal primary fetal cells (IMR90 and MRC5), and two Werner cell lines (AG03829 and AG07896). D1 is a cell line established with EBV, for which the percentage of rDNA rearranged units has been quantified at 33% (Fig. 3, lane 7) , in the range of other control cells. Following digestion with EcoRI, HindIII, and I-PpoI, samples were hybridized with the 32 P-labeled 5.9-Kb probe (fragment B) corresponding to the 5Ј portion of the transcribed region (see Fig. 1 ). EcoRI cleaves three times in the canonical units and the hybridization revealed the two previously described major bands, 5.9 and 21 kb, together with three supplemental discrete bands, around 6.5 kb and between 9.5 and 20 kb. (Fig. 4A, arrows) . Upon digestion with HindIII, Southern blotting showed the expected band at ∼15 kb (Romao-Correa et al. 2004 ). The bands previously described, ranging from 13.3 to 16.7, are not visible, because they require overexposure of the membrane and a higher separation (Krystal and Arnheim 1978) . Conversely, additional bands of lower molecular weight are apparent (Fig. 4B) . In view of the rearrangements observed on individual DNA molecules, we suggest that the additional minor bands obtained with EcoRI and HindIII restriction are a consequence of the palindromic structures. A schematic representation of the structures that could give rise to the supplemental bands is presented alongside the Southern blot (Fig. 4) . In the EcoRI Southern blotting, the lack of EcoRI restriction sites (Wellauer and Dawid 1979; Erickson et al. 1981) , which results in the major band at 21 kb, can be due either to a true polymorphism of the sequence or to loss of the site because of the rearrangements.
Finally, the presence of abnormal structures was supported by Southern blotting after digestion with I-PpoI. This enzyme cleaves only once in the rDNA canonical unit, generating a unique product of ∼43 Kb that is visible in both normal and Werner samples. As for the EcoRI and HindIII digests, additional bands of lower molecular weight are apparent (Fig. 4C) . The proportion of those bands is different between the control and the Werner DNA, but the data are not sufficiently quantitative to permit correlations of the intensities of the minor bands with the increased frequency of palindromic sequences observed by combing (Fig. 3) . The sequence of rDNA genes, which have many simple repeats, high G+C content, and pyrimidine-rich regions, can influence denaturation and hybridization conditions, rending difficult a comparison based on feasible quantitative analysis. It is interesting to note that most of the bands have the same molecular weight in the two samples, except for the smallest one. According to the scheme in Figure 4C , this band corresponds to noncanonical units with the 5Ј (red) segment in the middle. The different size of this band in the control and Werner cells suggests that palindromes with a longer red segment are more abundant in Werner's. Ribosomal DNA contains palindromes
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www.genome.org Discrete bands were detected by Southern blotting (Fig. 4) , rather than a continuous smear, suggesting that breaks and recombination occur at specific positions. This series of fragments evokes the length variability measured on the palindromic units observed on individual DNA molecules (Fig. 1) . A subgroup of palindromic units that could give rise to the supplemental bands carries a 5Ј (red) signal between two 3Ј (green) signals (see Fig. 1 ). As the promoter is located just before the red segment, the 5Ј end, units with the continuous red segment at the center of the palindrome would lack the promoter and cannot be transcribed. In support of these considerations, we did not observe new additional transcripts by Northern blotting from the adult cell lines (data not shown).
Discussion
The results presented here provide a first overview of extended regions of rRNA gene clusters, revealing a totally unanticipated degree of complexity. A substantial fraction of the coding sequences are found in palindromes, whose percentage is not related to age in control cells. These noncanonical units are probably not transcribed, particularly for the examples with the 5Ј at the center of the palindrome; the unit has presumably lost the promoter, and the palindrome is not transcribed. The aberrant structures of the palindromic units also make it unlikely that they were formed by retrotransposition, as in the case of certain wellcharacterized processed pseudogenes (Mighell et al. 2000) . Although some retrotransposition events may have been involved at some stage, as in the case of 5S rRNA pseudogenes (Frederiksen et al. 1997) , the fact that the various palindromic forms are found in clusters with similar structures clearly implies amplification steps at the DNA level.
Concerning the origin of the palindromes and the maintenance of the functional rRNA-coding sequences, gene conversion (Elder Jr. and Turner 1995) has been invoked to counteract disrupting recombination events (Ji et al. 2000; Schiestl and Bishop 2000) , for example in primates via Alu elements (Batzer and Deininger 2002) , but genetic rearrangements in the NORs are shown here to occur on a scale not previously envisaged. It had been anticipated that units of repeating rRNA genes would be found exclusively in a telomere-to-centromere orientation (Henderson et al. 1972; Worton et al. 1988 ), but our results indicate that there are exceptions to this rule, as described for the sequences presented in Figure 1E . A precise estimate of the number of genes in each orientation will be difficult to obtain, however, since molecular combing does not provide an absolute orientation, so that the opposite orientation of sets of rDNA genes can only be ascertained if they are on the same continuous DNA fragment visualized by combing. With respect to the observations of similar levels of active and inactive genes within close proximity (Conconi et al. 1989; Dammann et al. 1995; French et al. 2003) , methylases and deacetylases in conjunction with the nucleolar remodeling complexes have been implicated (Bird 2002; Moss and Stefanovsky 2002; Santoro and Grummt 2002; Grummt and Pikaard 2003) , as well as more complex phenomena such as nucleolar dominance (Pikaard 2000) , but the genetic rearrangements presented here must also be taken into account.
Variations in structure of the rRNA genes from cells of WS patients shed additional light on the origin of the varied forms of palindromes. The WRN gene responsible for this disorder (Yu et al. 1996 ) encodes a RecQ DNA helicase that is unique in possessing an additional 3Ј-5Ј exonuclease activity (Shen and Loeb 2001) . WRN helicase is implicated in DNA replication and DNA repair pathways, possibly by unwinding DNA aberrant structures that occur during DNA replication or DNA damage-induced recombination (Shen and Loeb 2001) . Phenomena interpreted as premature aging, changes in nucleolar structure, and hyperrecombination of the rRNA gene locus resulting in extrachromosomal circles were described in yeast cells mutated in the sgs1 gene that encodes a nucleolar DNA helicase of the RecQ family (Gangloff et al. 1994; Watt et al. 1996; Sinclair and Guarente 1997; Heo et al. 1999) . The sgs1 gene is the human homolog of the WRN gene, although there is no evidence that DNA was extracted from a control (D1) and two Werner (AG03829 and AG07896) cell lines, in addition to two primary fetal cells (IMR90 and MRC5). (A) EcoRI digestion. The two major expected bands are apparent, at 5.9 and 20 kb, after a complete and partial enzymatic digestion due to a polymorphism of an EcoRI site (Wellauer and Dawid 1979) . The arrows indicate the supplemental bands. On the right of the gels, a schematic representation presents the genomic structures that can account for the different bands after EcoRI digestion. Red lines represent the 5.9-kb probe, whereas green bars indicate the 7.1-kb probe (Fig. 1 aging in humans involves the accumulation of rDNA circles, as observed in yeast (Heo et al. 1999) . The higher level of palindromic structures observed in WS samples could also be related to an increase in the methylation state of the rRNA genes of fibroblast cultures from WS patients, which may be related to inactivation of transcription units following rearrangements (Machwe et al. 2000) . These authors also described additional, slowmigrating linear ribosomal DNA species resulting from EcoRI digestion, which were more easily detected in the most senescent passages of fibroblasts from older individuals and WS patients. Such results are consistent with the various rDNA structures that we detect, especially units putatively lacking an EcoRI site, and thus, yielding a longer fragment upon cleavage with the restriction enzyme (see below).
The human rDNA region has been extensively analyzed using restriction assays and Southern blotting for the purpose of studying its sequence organization and evolution compared with other rDNA species. The length variations found among rDNA copies have been documented to include the presence or absence of restriction sites, as well as differences in the number of internal short and long-repeat motifs scattered through the gene (Arnheim and Southern 1977; Krystal and Arnheim 1978; Schmickel et al. 1980) . In human cells, two classes of rRNA genes within the same individual were observed, one of which was missing the EcoRI restriction site at the 5Ј extremity of the 18S region. This polymorphism was revealed by Southern blotting with the 18S probe, resulting in a supplemental band of about 20 kb. Later studies focused on the variability of intra-and interspecies (Nelkin et al. 1980) , indicating that individuals of a species present very similar EcoRI restriction patterns, which are simple and consist of a small number of bands containing >90% of the total amount of rDNA. Minor bands were also observed, and they were attributed to the length variability of the intergenic spacer. When the human rDNA unit was cloned and analyzed (Erickson and Schmickel 1985) , it was confirmed that the transcribed region is highly conserved, in agreement with previous studies, except for a HincII site; 50% of genomic DNA lacked one HincII site, in contrast to the cloned samples, which all contained it. This discrepancy was explained by DNA modifications occurring in the genomic DNA or by other nondefined eukaryotic DNA modifications. The Southern analysis presented in Figure 4 also shows some unorthodox patterns for a substantial fraction of the rDNA. Data from single combed molecules and the observation of palindromic rearrangements described in this report now provide a new explanation for the Southern results.
The findings presented here are in agreement with the view that rDNA genes are heterogeneous and dynamic Sylvester 1995, 2001; Kuo et al. 1996; Grozdanov et al. 2003; Romao-Correa et al. 2004 ). Gonzalez and Sylvester analyzed the type of exchange that occurs in the rDNA region, and they reported the presence of very divergent IGS sequence classes (Gonzalez and Sylvester 1995) . According to our results, a high level of genetic instability is likely to prevail, involving the genes and the IGS, with constant readjustments between homogenization by gene conversion, production, and elimination of palindromes. Both inter-and intrachromosomal events are likely to be involved (Elder Jr. and Turner 1995) . As a result, small changes in factors involved in DNA replication and repair may lead to variations in the level of palindromic sequences, as observed for several lines of cancer cells (Caburet 2002) . Under any given set of conditions, the competing processes of homogenization and elimination would establish the steady-state level of palindromic sequences in what may be called a "balanced instability" as represented in Figure 5 . The competing pathways of palindrome formation and expansion (Fig. 5, left) versus elimination (Fig. 5, right) are depicted schematically for a canonical sequence (Fig. 5A) . In this case, inversions are generated by hypothetical recombination with crossover at Alu sequences (Fig. 5B) , but other triggering could involve other recombinogenic sequences. In the example presented, single-stranded loop formation with extension of the opposite strand (Fig. 5D) generates a 3Ј-3Ј palindrome (Fig. 5E) . The same principles could be used to generate 5Ј-5Ј palindromes from the other product of the crossover in Figure 2B . Once created, gene duplication of the palindrome generates multiple copies (Fig. 5F ). In the elimination pathway, formation of a loop between palindromic sequences can lead to their elimination (Fig. 5G) . Similar mechanisms could lead to the production of either shorter or longer palindromes, which may then be expanded to create homogeneous clusters, thereby suggesting a mechanism for the formation of the full range of palindromic sizes observed. In WS cells, recombination may be increased at blocked forks due to the absence WRN helicase, leading to increased breakage. Considerable future work will be required to investigate more fully the individual steps for this series of genetic rearrangements and the changes in probability of palindrome formation as a function of the specific conditions in the cellular environment. In addition, instabilities in the extended clusters of rRNA genes observed in eukaryotic cells may provide a highly sensitive detection system for modification of cellular functions involved in DNA processing, such as aging or cancer, or for specific genetic lesions, as in the case of WS or the related Bloom syndrome (Schawalder et al. 2003 ). 
Methods Cells
The two control lymphoblastoid cell lines AG07897 and AG07898, the four control primary fibroblast cell cultures (AG12657, AG11561, AG05283, and AG13077), and the four WS cell cultures (AG03141, AG07896, AG03829, and AG11395) were obtained from the Aging Cell Culture Repository (NIA, Coriell Institute for Medical Studies). The primary fetal cells IMR90 and MRC5 were obtained from the ATCC repository. These cell lines were cultivated according to the recommendations of the Repository. D1 was kindly provided by Dr. Mounira Amor-Guéret, UMR 8126, Villejuif (Paris). WV1 is a gift of Yannick de Santigny, CEA, Saclay.
Hybridization and fluorescent detection
High-molecular weight genomic DNA was prepared from cells embedded in PGFE plugs essentially as described (Michalet et al. 1997) . Probes A and B (see Fig. 1 ), spanning the transcribed region, were kindly provided by G. Brock. Probe A was labeled with digoxigenin and probe B with biotin by overnight random priming. Hybridization was performed overnight on combed genomic DNA denatured for 20 min in 1 M NaOH (see Supplemental material). Fluorescent detection and signal amplification were performed using five successive layers of fluorochrome-conjugated antibodies. Images were acquired on an epifluorescence Zeiss microscope with a CCD camera, using Smart Capture 2 software (Digital Scientific). Measurements were performed using a dedicated lab-made software, CartographiX.
Southern blotting

EcoRI digestion
A total of 100 µL was diluted with 100 µL of water and digested with 5 µL of EcoRI (10 U/µL) for 3 h (or overnight) at 37°C.
HindIII digestion
A total of 11 µg of DNA was digested with 5 µL of enzyme (10 U/µL) ON at 37°C. Five micrograms of EcoRI-digested DNA and 10 µg of HindIII-digested DNA were loaded on a standard 0.8% agarose gel and run 20 h at 50V in ‫ן1‬ TBE.
I-PpoI digestion
A total of 11 µg of DNA was digested with 5 µL of enzyme (200 U/µL) ON at 37°C. Ten micrograms were run by PFGE (0.9%) on a CHEF apparatus (BioRad). The program was as follows: two states, angle 120°, 6 V/cm, pulses 1-6 sec, rampin 0, 11 h. Gels were washed 10 min in 0.25N HCl; twice for 30 min in 0.5 M NaOH, 1.5 M NaCl; and twice for 30 min in 1.5 M NaCl, 0.5 M Tris-HCl, 0.5 M Tris base. DNA was transferred onto a Hybond N+ membrane in ‫ן02‬ SSC for 20 h and hybridized following the protocol proposed by the supplier, with some modifications (Supplemental materials). After hybridization, the membrane was incubated for 12-48 h in a cassette for PhosphorImager.
